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FOREWORD 


This is a filial technical report submitted under Contract No. DEN 3-54 "Ceramic Recuperator 
Fabrication Technology", which was originally scheduled from August 9, 1978 to May 24, 

1980. The contract was cancelled on February 2, 1979 for the convenience of die Government 

t 

but was later renegotiated so that a Phaso 1 demonstration of feasibility could be completed, 


This study was performed at the General Electric Company Space Sciences Laboratory, 
Valley Forgo, Pennsylvania, in the Materials Research and Development Section, managed 
by Louis R. McCreight. The principal participants in tlio program and their roles are: 


Dr. Wen Chiu 
John Laffreda 
Arno Gatti 
Harry W. Rauch 
William Laskow 


Consultant-Heat Exchanger Dosign 

Analysis of Heat Exchanger Designs 

Metallurgist - Silicon Nitride Material 

Ceramist - Sealing Glasses 

Laboratory Technician - Processing 
and Fabrication 


This program was sponsored by the NASA -Lewis Rosoarch Center for die Department of 
Energy and was managed by John A. Miseneik of the NASA-Lowis Research Center. 
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SUMMARY 


This report presents the results of a one-year effort to advance the technology of Ceramic 
Recuperator Fabrication Technology using pressureless, sinterable, silicon nitride or 
silicon-aluminum-oxygen -nitrogen (Sialon) materials, which are being developed in our 
Laboratory, funded by the Department of Energy through the NASA -Lewis Research Center. 

The program was originally organized as three technical tasks (plus a Reporting and a 
Roliability and Quality Control Task) as follows: 

Task I Process Feaf.'.bilUy 

Task II Recuperator Module Fabrication 

Task III Recuperator Evaluation 

The contract was cancelled on February 2, 1979 for the convenience of the Government. 
However, the contract was renegotiated so that a Phase I demonstration of feasibility could 
be completed as approximately a one year effort. GE-130 Sialon, which is 94,5 w/o S 13 N 4 , 
was considered the material of choice for the application. However, its use in the recuperator 
was dependent on further development to increase its final fired density. This task was not 
completed. Feasibility of the approach was therefore demonstrated using GE-128 Sialon 
which contains 66 w/o SigN 4 , and it is readily sinterable to theoretical density with ex- 
cellent strength, oxidation and corrosion resistance. 

Three key elements of the necessary technology for developing a refractory recuperator were, 
successfully demonstrated during this contract and are: 

1. Extrusion and firing of thin-wailed exchanger tubes to high density 

2. Development of a sealing/brazing technique using a refractory glass 

3. Behavior of Sialon materials in corrosive environments containing sodium salts and 
slightly reducing combusted gaseous atmospheres as well as air and hydrogen. 
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section i 


INTRODUCTION 

Extensive efforts are underway to develop more fuel-efficient vehicular power plants which 
currently utilize a significant fraction of the available petroleum products, Among- the ap- 
proaches being* considered are continuous combustion gas turbine and Stirling cycle engines 
along with elevated operating temperatures and various methods of waste heat recovery, In 
(Ms program the objective is the demonstration of feasibility of recovery of waste heat from 
a Stirling engine at 1370 C (2500 P) utilizing a recuperator constructed of ceramic materials, 


Both in the proposal and In the program, some design work was performed to provide on the 
one hand an efficient, compact, practical recuperator for an automotive Stirling engine and 
on the other hand a design which would be feasible for fabrication from ceramic materials. 
This design effort is reported in Section 2 of this report. 


Simultaneously the materials from which to construct a high temperature recuperator were 
being considered in the primary program effort. The operating conditions, in particular the 
temperature, as well as eventual production requirements if the development is successful 
dictate the use of non-critical ceramics. Of these, two families of high performance engi- 
neering ceramics are quite comparable in most respects and offer the most likelihood of 
success. They are silicon carbide and silicon nitride. While silicon carbide offers a higher 
thermal conductivity, its higher modulus and thermal expansion generally cause it to be r ore 
thermal shock sensitive than silicon nitride. In addition, the use of s into ruble silicon nitride 
compositions containing some alumina offers the potential for a more corrosion-resistant, 
alumina-silica surface protective layer than the more nearly pure silica skin on either silicon 
carbide or nitride. Therefore, our initial approach was to simultaneously demonstrate the 
forming- processes with a previously developed s Inferable silicon nitride designated as GK-128 


and to work toward obtaining full density in some advanced compositions containing more 
silicon nitride which were designated as GE-129 and -130. 


Joining and sealing of these materials using a powdered glass "braze" 
demonstrated in this program. 


was also successfully 
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In addition to those primary program activities, a small parallel effort to assess the cor- 
rosion resistance of the silicon nitride under accelerated conditions which somewhat simulate 
the exhaust and road salt associated with automotive operating conditions was performed. 
Serious corrosion problems of this typo had previously caused oxide ceramic regenerators 
to be markedly changed in composition, While these tests were not completely definitive, 
no sign of a corrosion problem was detected. 
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SUCTION 2 


HECUPE HA TOR DBS IG N 


Summary 

Design cons tcierat tons of a high temperature ceramic recuperator for an automotive Stirling 
engine led to a recommendation for a cylindrical, counterflow, channel type as most feasible 
and responsive to NASA's requirements for automotive applications. The selection was made 
based on General Electric experience with various Stirling engine programs and many high 
temperature materials and devices and in particular the silicon nitride materials, 

Extonsivo analysis was carried out to study the tradeoff between the heat transfer, pressure 
drop, reliability, size and cost, Based on the tradeoff study design, configurations were 
recommended for various pressure drop levels. A triangular duct cross section was initially 
chosen but the problems of maintaining straightness during extrusion caused a change to a 
rectangular duct cross section. This indeed proved easier to produce with the desired 
straightness. It is believed however that with some further refinements in the die design, a 
triangular tube could also be produced. 

The design consists of these hollow channels mounted in the annulus between and parallel to 
the axis of two large diameter tubes and attached to the outside of the recuperator inner tube. 
The hot exhaust gases would be carried in the hollow rectangular tubes, while inlet air would 
pass through the spaces formed between the adjacent hollow tubes. Small samples of hollow 
tubing and flat plates made of sintered silicon nitride were successfully assembled with a 
glass sealing material to demonstrate the preliminary feasibility of the concept during the 
recently completed Phase L Larger modules (25mm x 150mm x 150mm) as depicted in part 
of Figure 3 were intended to be the next step in the program if it had proceeded. 

This section discusses the design approach and analysis leading to our recommended recuper- 
ator configuration. 
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2.1 CURREN T STIRLING K NO INK PROGRAMS 

Of many Stirling engine programs undertaken by General Electric Company, two major ones 
involve recuperator design and development for the fossil-fuel combustors. 

Since 1975, OK has conducted product development of a heat-activated heat pump for both 
residential and commercial use under contract to DOE and the Gas Kesearch Institute, The 
objective of this program is to develop a viable commercial product of a gas-fired heat pump 
which will allow both energy conservation and operative cost savings as compared to alterna- 
tive gas heating and electric cooling systems. The system uses a 3 k\V free piston Stirling 
engine driving a Ranklne cycle vapor compressor. 

Part of the program effort is to develop a high efficiency, compact, quiet, low cost and 
reliable combustor for the Stirling engine. Figure 1 depicts the layout of the combustor 
developed. The design goal for the recuperator effectiveness was set at 60 r < . The final 
design configuration of the recuperator is a counterflow heat exchanger consisting of triangular 
shaped flow paths alternatively for the hot combustion exhaust and cold air. The recuperator 
wall is made from corrugated stainless steel sheet metal. For domestic heat pump applica- 
tion, pressure drop across the combustor is designed to be less than 50mm of water so that 
no special air blower is required, Therefore relatively large channel gaps, (5.5mm), for the 
recuperator were designed which results in the recuperator pressure drop (air plus gas sides) 
being a mere 5mm water at 5lQ C pre-heat air temperature. The measured recuperator 
effectiveness exceeds 7 0*7. Figure 2 shows the test results of this recuperator design. 


A similar recuperator design concept was adopted in a program for the NASA- J/Owis Research 
Center. The objective was to produce a preliminary design of a Stirling general-purpose test 
engine at the 25 HP level. The engine is to have high reliability and versatility over a wide 
range of test conditions, and have the capability of permitting components of different designs 
to be tested interchangeably or with only minor engine modifications. The recuperator was 
designed for 5 O'.',' effectiveness with a pressure drop of 4mm water. 
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Figure 1, Layout of p. Stil ling Engine Combusloi Incorporating a Preheater 
wUh Corrugated Flow Channels 



Figure 2. Effectiveness of a Stirling Engine Recuperator for a Heat Pump 



Extensive experience in the above related programs lias been applied to the present program 
in developing a ceramic recuperator, 

2.2 DESK. N CONSIDER A HONS 

In the oresent program the size and design of the flow passages in the subseale recuperator 
modules shall be similar to the flow channels of a full size automotive recuperator. Methods 
of manifolding the flow channels and of mating the recuperator to the engine are also to be 
Included in the proposed design and fabrication development, At the initial phase of the pro- 
gram, the 4-215 automotive Stirling engine developed by Ford Motor Company and Philips of 
Holland** has been taken as the basis of the preliminary recuperator design. Table 1 lists 
the requirements set forth In the RFP and some additional assumed operating and size re- 
quirements based on the 4-215 engine. 


Table 1. Ceramic Recuperator Requirements 



Air flow 

up to (0,14 Kg/sec)* at temperature 


Combustion products (gas) 

up to (0.144 Kg/sec) at a mean 
temperature of 1500 F 


Air inlet pressure 

0.1 MPag (15 psig)* 


Maximum pressure drop 

(0.01 MPag) (1.5 psig)* for air side 
plus gas side 


Effectiveness 

0. 9 min, at max. power output 


Maximum ceramic temperature 

1370 C* or higher 


Interpath leakage 

less than 5%* 


Combustor outer housing 

400mm in diameter 


Combustor plus Burner height = 

350mm 


Recuperator Effectiveness 

greater than 90%; 


*Spocified in the RFP 



Assumed diesel fuel combustion with 1,050,000 BTU/hr firing rate at 30* 
excess air, 170 hp output @ 80% combustor efficiency and 55% engine efficiency. 


**VanGiesscl, R. and Rcininlc, F. , "Design of the 4-215 D.A. Automotive Stirling Engine," 
SAE paper 770082 
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In addition to the requirements listed In Table X, other criteria to be considered In evaluating 
the recuperator design ares 

1. Light weight 

2. Potential low cost 

3. Durability 

4» Manufacturing feasibility 

5. Best mating with the engine heater head 

Overall assessments of the above design considerations concluded that a stationary recupera- 
tor appears to be more reliable than a rotary type. 

During the last quarter of 1978, NASA provided an additional set of test data for a Ford 4-245 
Stirling engine which are shown in Table 2, The high effectiveness and low pressure drops 
are typical of a rotary type recuperator which has a large frontal flow area and short flow 
path. In our view of this stationary recuperator, the size requirement could become Un- 
practically large in order to accomplish similar effectiveness and pressure drops. However, 
the elimination of power required to rotate the regenerator will be enough to offset the higher 
pressure drop penalty for a stationary design. 

2.3 IIEAT TRANSFER ANALYSIS 

The heat transfer analysis was conducted using the Kays and London NTU -method*. A heat 
exchanger effectiveness is characterized by the operating condition of the working fluid, 

C K Cp m, and the number of heat transfer unit, NTU - AU/C ^ where A ~ total heat 
transfer area and U - overall heat transfer coefficient. NTU is indicative of the heat 
exchanger size and complexity. For the combustion process In an automotive application, 

W C max ts nmmd °' 85 ' 

Table 3 lists the maximum achievable effectiveness for three types of heat exchangers and 
their respective NTU's needed to obtain a 90% effectiveness. 


♦Kays, W, M. and London, A. L. , Compact Heat Exchangers, 2nd Edition, McGraw Hill 
Book Co. , 1964. 
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Table 2. Recuperator Performance of Ford 4-245 Engine 



Full Load 

Part Load 

Idle 

Hot Side 




Flow Rate (g/scc) 

222.3 

54.39 

14.79 

T in <°C) 

1036 

754 

734.8 

T out <° C >* 

243 

149 

135.8 

P in (atm) 

1.030 

1.0041 

1.001 

P out < atm > 

1.007 

1.0001 

1.00 

AP ( psi ) 

0.34 

0.06 

0.015 

Cold Side 




Flow Rate (g/sec) 

210. 96 

52.86 

14.79 

T i„ <° c > 

52.3 

97.7 

83.1 

T o«t <° C > 

969.5 

740 

726.7 

p. n (atm) 

1.153 

1.015 

1.003 

P out < atra > 

1.137 

1.0115 

1.002 

AP (psi) 

0.24 

0.05 

0.015 

Effectiveness (%) 


93.2 

97.9 

98.7 

Overall all AP (psi) 

0.58 

0.11 

0.03 

^Adjusted with flow leakage 


Table 3. NTU Requirements for Heat Exchanger at PMin/pmax = 0.85 



Theoretical 
max. E @ NTU -> oo 

NTU Required 
for E = 90% 

Counter-flow 

100% 

5.75 

Cross -flow with both fluids unmixed 

100% 

43 

Parallel flow 

63% 

— 
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It thou becomes apparent that to obtain a 5)0'” effectiveness, yet cosi-effective and compact 
reeupornlor, the best; configuration is a counter-flow type heat exchanger. It can be a lube- 
shell or a channel-path configuration. The select ion must be based on ease of fabrication, 
manifolding and installation, large heat transfer surfaee-to-volume ratio, and reliability. 


2.4 OOUNTIO R-FLGW HKOUPHRATOR WITH CORRIIGATKI) FLOW (MIANNKLH 




U. 4.1 TRIANGULAR DUCTS 


A recuperator concept which meets the above requirements with a relatively simple configura- 
tion uses corrugated triangular flow channels surrounding the combustor outer housing as is 
being developed at General Klectvlc for other Stirling engines. Based on these ex|x»rienccs 
and the current experiences with the sintered silicon nitride materials, a preliminary div.ign 
shown as an artist’s rendering' in Figure .1 has been evolved. It shows a more nearly complete 
recuperator (which is beyond the scope of the present program) as possibly being about 350mm 
ID x 400mm 01) x 275mm high plus manifolds. 


In the early phase of the program, the flow channels wore being developed as extruded hollow 
triangular lubes with a 0.75mm (0.030") wall as shown on the left hand side of Figure 3, A 
design chart, as shown in Figure 4, was constructed for a 5)0’’,' effective recuperator. The 


overall length and the pressure drop, AP, of the recuperator are plotted for different tri- 
angular flow channel configurations (channel height, l, and channel w.'dth, §). 


Based on l he initial design requirements as specified in Table 1, a section of t •■25mm and 
5 » lmm was recommended for fabrication development. The overall pressure drop for a 
full scale recuperator was estimated to be 0.01 mPa (.1.5 psi) with a channel length of 275mm. 
The recommended subscale recuperator module having a 150mm x 150mm section is de- 
picted in Figure 5, with appropriate manifolding for combustion gas and air flows, 


2.4.2 l\ IOC TANG FLA R DUCT 

After initial attempts to fabricate ceramic hollow triangular tubes, it appears that a rectangu- 
lar cross section is superior to the triangular shape from the points of view of ease of 
fabrication and structural integrity of the long tubes. In addition, after receiving the Ford 
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Figure 3. 


Preliminary Design of a lU'fraetory Ceramic Recuperative Heat Exchange r 
for Operation at 1370 C is Shown on the Bight with the Hollow Triangular 
Pin Tubing and a Test Module to be Built on thin Program Shown on the Left 


A (it 
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Figure 4. Automotive Stirling Engine Recuperator Design Chart with Triangular 
Channels Shown Schematically 
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ENLARGED view OF 
CROSS section of 
EXTRUOC.D TRIANGULAR 
COMPONENT 


Figure 5. Subscale Recuperator Module 


Stirling engine test data as summarized in Table 2, concern has been raised on how a station- 
ary recuperator can be designed in order to achieve a low pressure drop comparable to that 
obtained in a Ford rotary recuperator. 

Analysis of the recuperator with rectangular flow channels was carried out with essentially 
the same configuration as shown in Figure 3 (400mm OD for full scale recuperator). 

Figure 6 is the parametric plot for this design analysis. The design requirements were based 
on those tabulated in Table X. 


It can be seen from Figure 4 that in order to reduce the pressure drop, a longer recuperator 
length, L, and a larger duct cross sectional area (channel width, t, and channel gap, 8 ) will 
be required. This will result in a larger size recuperator, with more weight and cost. 

Table 4 tabulates three different configurations corresponding to the design points denoted 
in Figure G. 


XI 



Figure 6. Parametric Plot of a Recuperator Design with Rectangular Flow Channel 


It is apparent that as the channel cross section area increases, the lower AP can be achieved 
only at the expense of a weaker structure for a fixed wall thickness. The optimum selection 
of the final design, then, will be strongly influenced by the fabrication technique, material 
properties, and tradeoff of reliability and cost. 
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Table 4. Recuperator Designs with Rectangular Flow Channel 


Effectiveness «= 90^ 

Chaiuiel wall thickness « 0. 75mm 
Recuperator ID » 400mm 
Channel length, L ~ 300mm 


Design 

Point 

Channel 
Width, t 

Channel 
Gap, 5 

Overall 

AP 

mm 

(In) 

mm 

(in) 

MPa 

(psi) 

1 

31.25 

1.25 

1.00 

0. 040 

.01 

1.5 

2 

43.75 

1.75 

1.30 

0.052 

.003 

0.5 

3 

57.5 

2.3 

1.025 

0.0G5 

.001 

0.15 
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SECTION 3 


EXPERIMENTAL 

The Materials Research and Development Section of the General Electric Company's Space 

Sciences Laboratory has been active in studios on sinterablo SLN, compositions since May 
m J a 

1972. ' ' Current activities in this area have included a recently completed 3 year study of 

the ceramic processing of silicon nitride containing alumina and aluminum nitride by the Air 

Force Materials Laboratory, Wright- Patterson Air Force Base, Qhio^. 

Processing' studies were necessary because detailed knowledge of the "new" sintcrnble Si„N, 
systems was not generally available. There was also a need to reproducibly fabricate size- 
able specimens for test and evaluation. The sintering mechanism was complicated however 
because it involved a liquid phaso which could vary in composition by both choice of starting 
materials and processing techniques. This liquid phase in turn had a profound effect on the 
mechanical properties, particularly at high temperatures. Studies included the fabrication 
and properties of compositions with deliberate additives and culminated in the description 
of the fabrication of SigN^ -based ceramics of up to 87 M/O SigN^, with a minimum of second 
phaso content and hence, good strength retention at high temperatures. 

That earlier program formed the base for the present work. Sinterablo compositions had 
been developed, what remained was to use that knowledge to fabricate recuperator components 
and modules and so a component fabrication and assembly sequence was developed and is 
shown in Figure 7. This sequence was followed during the program and comprises Phase I. 
Also as a part of Phaso I a parallel study was made of the resistance of Sialon to sodium 
sulfate and sodium chloride corrosion at high tomperatures. This would be a vital 
parameter in the use envisioned, especially for thin-walled recuperator channels. 


( 1 ) 


See References at tire end of the report. 
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» INSPECTION 


Figure 7. Component Fabrication and Assembly Sequence 


3.1 POWDFH PROCESSING 


Sialon starting' materials used during this work were processed by milling in a polyurethane- 
lined mill with Sialon balls as shown in the flow diagram of Figure 8. Wear of the Sialon balls 
was used to furnish the liquid phase necessary for sintering to high density together with a 
sintering aid composed of "mineralized" Sierralite Talc and Kyanite^. 
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Figure 8, Flow Diagram of the Processing of GE Sialon Materials 

Hydrostatic pressing, at pressures up to 400 MPa {50 KSI), was used to form the prepared 
powders into plate shapes. The development of a process which could form thin-walled, 
gas-tight tubing was a major task of this study. When the recuperator design is considered 
(channel cross-sections 25mm wide by 3mm thick with 1mm walls to 500mm long) it is ap- 
parent that extrusion would be the most practical process. Accordingly, plasticizer-binder- 
Sialon compounds with the potential to lead to good final sintered product were systematically 
studied. Of the six systems studied, one considered to be most easily adopted was comprised 
of a commercial wax compound and 60 w/o Sialon powder extruded warm (~50 C). 

Plasticizer-binder-powder mixtures were "mulled" (mixed) in a small bench top muller built 
here. Figure. 9 shows the muller as used to prepare wax powder mixtures maintained at 
about 100 C by applying external heat with a heat lamp and a hot air gun. An extrusion press 
was also designed and built which utilized a manually powered screw feed to exert pressure 
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Figure 9. Photograph of the "Muller" Used to Mix Wax- Powder Materials for 
Subsequent Fxtrusion. Note Heat Lamp and Meat Cun Used to 
Maintain 100 C Mixing Temjx'rature. 

on a piston. The heat capacity of the press was such that if hot extrusion was needed, the die 
assembly could be brought to the temperature required and operated before it had cooled off 
too much. A dlsnssembled-exploded view of the press is shown in Figure 10, with a portion 
of extruded recuperator channel in place. 

3.2 RINDKH HEM OVAL 

Binder removal and de-waxing by pyrolyzation was the only method used since none of the 
other binder systems tried was successful. The removal of binders from dense extruded 
shapes is not :ui easily predictable process and had to be determined by trial and error. 

Ti me-temperature conditions were adjusted until finally most ware could be de -waxed defect 
free. Further, during wax removal, the ware had to be supported to minimize distortion 

page IS 

c nr :t- 


OP'GINAL 
9 F POOR 
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Figure 10. Disasscmbled-Kxploded View of Laboratory Extrusion 
Press t’sed During this Study 

and provide a sink for molten wax. The do -waxing schedule developed was to pack the parts 
in -900 mesh alumina jxnvder and then fire in air at 220 C/hr to 200 C, hold 8 hours, then 
20 C/hr to 350 C, and then firing to 1000 C, at 200 C/hr ami furnace cool. The ware was 
carefully removed from the alumina bod and stored for final firing. The alumina paeking 
powder meanwhile was do -lumped by screening and continuously recycled. 


3.3 HIM NCI 

At first, final firing of Sialon compositions was performed in a molybdenum Ik>x packed 
loosely with "Sialon" powder and covered with a molybdenum lid to control weight loss during 
firing. The molybdenum box was placed into a molybdenum retort, the mouth of which was 
covered with molybdenum foil and through which flowed nitrogen at a controlled rate. This 
assembly was fired in a hydrogen atmosphere. Later, a "Centorr" tungsten resistance 
furnace was added to our facilities with a maximum temperature capability to 2300 C in 
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nitrogen-ambient with a hot zone 200mm (8") diameter by 300mm high. All firings after 
December 1078 were made in this facility, a photograph of which is shown in Figure 11, 

Ware to be fired was mounted on graphite fixtures and placed in the furnace. The furnace 
was then evacuated and back-filled with nitrogen to a pressure of 1/3 atmosphere above 
ambient* The furnace temperature reaches 1700 C in one hour using power surges of about 
3000 amperes every 10 minutes. Recuperator channels were fired in this maimer for 30 
minutes at 1700 C and furnace cooled. 

3.4 CORROSION CRUCIBLES 

For corrosion studies, GE 128 Sialon special crucibles and covering lids were fabricated by 
die pressing in the shaped dies shown in Figure 12, The crucibles and lids were pressed to 
100 MPa (15 KSI) and fired for 1 hour at 1750 C in nitrogen using the molybdenum retort sys- 
tem described earlier. During reaction studies the crucibles wore weighed, loaded with 
corrodents, reweighed, fired in a mullite retort in air, hydrogen or CO„-N 0 -ILO atmospheres, 

A* M 

and weighted again. Changes in weight and mic ro structural changes as a function of time at 
each test condition were used to evaluate material performance. 

3.5 SEALING AND BRAZING Cl ASS PROCESSING 

Sealing and brazing glasses were processed by a fritting technique, ball milled in a high 
alumina mill and balls and screened to -200 mesh. The compositions used were first weighted 
out in 50-gram batches. The compositions were then melted at 1600 C in air, and water 
quenched twice to ensure homogenization of the resulting glass. 
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Figure 11. Photogrnph of Centorr Furnace Facility Cuixiblc of 
2500 C Operation In Nitrogen Atmosphere 



Figure 12. Photograph of the Dies Fsed to Form the Crucible- Lid, Combination 

(also shown) from GK-128 Sialon Material I’sed During Corrosion Studies 
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SECTION 4 

RESULTS AND DISCUSSION 


4.1 MATERIALS SELECTION 

It was proposed that GE-130 material be developed for use as recuperator hardware because 
it offers the potential of improved properties such as thermal conductivity. This development 
should be readily accomplished since GE-130 material has a high SigN^ content; thus it 
should have intrinsic properties that are similar to hot pressed or reaction sintered SigN #1 , 
a material which is considered desirable recuperator application. The GE-130 material 
contains 94. 5 w/o SigN^; it can be sintered at 1750 C, but at present it does not sinter to a 
density that can guarantee ga 1 ' tightness. Not much progress was made on this aspect of 
material development before the program was curtailed. However, it was decided that 
feasibility could be demonstrated during Phase I of the program with the use of GE-128 
material which is readily sinterable to high density and insure gas tightness. GE-128 is 
also an acceptable material for recuperator hardware applications because it possesses 
excellent strength, oxidation and corrosion resistance and, aside from a slightly lower 
modulus, has other properties that are identical to SigN^, Pour-hundred gram batches of 
GE-128 were prepared as previously described and processed as needed throughout this 
study. GE-130 and GE-128 are compared in Table 5. 


Table 5. Materials and Compositions Used During This Study 



Composition in weight percent and vendors 

GE Designation 

SlgNi 

A ME 
(England) 

M 2°3 

Linde A, Air 
Products Div. 

Ha 

128 

66 

24 


130 

94. 5 

4 

1.5 

. . .. 


♦Composition before processing 
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4 . 2 COMPONENT FA BIUCA TION 


4.2.1 PLATE 

Two mm thick x 40 mm wide by 160 mm long GE-128 Sialon plates wore fabricated by iso- 
static pressing, sintering and diamond sawing to be used as side walls during modular con- 
struction. This material has a fired density of 3.05 gm/cc which is 99% of theoretical 
(3,08 gm/cc) and is gas tight. 

4.2.2 RECUPERA TOR CHANNELS 

Recuperator channels were successfully fabricated during this program as a result of a sys- 
tematic study made to identify a binder-lubricant systom which would work satisfactorily. 

Six binder-lubricant systems were tested before a workable one was developed. A summary 
of these results is shown in Table 6. As can be seen, all of the systems oxcept the 
LN-2 7-266-2 wax had undesirable characteristics ranging from unable to extrude, to 


Table 6. Summary of Sialon Extrusion Binder Studies 


Binder System 

Results 


Alcohol + Orange Shellac 

Separates, "rattlesnakes". Does 
not extrude 


Polypropolyne 

Extrusion temperature too high. 
Difficult to add solids 


PVA-Sterate^ 

Extrudes but less than 50 w/o 
solids, walls collapse 


Buytal Sterate-Reten^ 

Extrudes but less than 50 w/o 
solids, walls collapse 


Mixed waxes 

Separates, rattlesnakes, collapses 
at high extrusion temperature 


LN-2 7-266-2 wax* 2 * 

Extrudes well at 58° w/o solids 

(1) 

(2) 

Water based, reacts with sialon mix. 

Commercial mixture purchased from J. F. McCaughin Co. , Rosemead, California. 
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extrusion without sufficient solids content ( >50 w/o) or wall sagging. Examples of extruded 
channel in final configuration are shown in Figure 12, This channel can be extruded to any 
length desired. Its final fired cross section dimensions are 25 mm wide x 3 mm thick with a 
1 mm wall thickness. The original cross section design did not: have the center rib shown, 
however, upon firing, channels without ribs sagged after firing usually closing the channel. 
Some sagging still persists and it is recommended that still another rib (2 equl-spueed) be 
added which will further support the channel walls during firing. 


Solid rod, square in cross-section with radtused corners (50 mivT) was extruded to provide 
material for mechanical property studies and density determinations in the as-fired condition 
since such measurements are needed and are difficult to perform on channel material. Table 
7 shows the green and fired densities obtained. Also Included in the data is the average room 


Table 7. 


Green and Fired Densities of Extruded G10-128 Sialon 


Sialon 

Treatment 

Density 

gm/cc 

r v of 

Theoretical* 

Firing 

Shrinkage ('") 

Room Temp. 
MOU as Fired 

Extruded 
and dewaxed 

1.25 

58 

- 


Fired 30 min. 
at 1750°C in 

Ui 

2.90 

98 

OR 

wW 

(39.1 KSI) 
(2 GO MPa) 


♦Based on a theoretical density of 3.02 gm/cc 


temperature MOR strength of this material tested without further regard for surface finish, 
As can be seen, this material has a reasonable strength which is indicative of the strength of 
extruded and fired channel. A more definitive test would require internally pressurized 
burst tests which were not done due to the lack of funds. 


An x-ray diffraction trace was also made of extruded, dewaxed and fired GE-X28 Sialon 
material, Figure 13. The results show a typical (3' Sialon trace as shown in Figure 14. 
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Fired Cross-Section 



Do -Waxed Channel 


Figure 13. Examples of Extruded C.E-128 Sialon Channel Fabricated 
During This Study. 
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Figure 14. X-Ray Diffraction Trace of Extruded, Do-Waxed and Fired GE-128 Sialon 


4.3 SEA LED AND BRA ZED SIA LON MATERIA LS 

The initial work in the development of glass sealing and brazing materials was with boro- 
silicate and magnesium aluminosilicate glasses with and without additions of powdered fused 

, ( 4 ) 

silica. However, a composition (IIS-110)' ' which represents the glass phase at the grain 
boundaries in hot-pressed silicon nitride was evaluated and found to be ideal for the applica- 
tion. The borosilicate/silica and magnesium aluminosilicate/silica mixtures wet sialon 
very well and appear to form strong bonds. However, considerable bubble formation was 
observed in all of these combinations and could be a structural weakness. HS-110 glass 
wets sialon very well and produces very strongly bonded sialon/sialon pieces. 

The molar composition of the HS-110 glass is A1 O • 4.5 CaO • MgO • HSi0 o . A slurry 
of the HS-110 glass in alcohol using 1 -200 mesh powder was used to provide a very thin film 
of glass particles on small (25 x 50 mm) pieces of sialon. The slurry was dried and the 
sialon pieces were fired. Tn one instance, two of the glass-coated sialon surfaces were 
mated before firing. Two temperature/time schedules, 1250 C/55 minutes and 1320 C/1.5 
hours, were investigated. Both schedules produced nicely glazed sialon surfaces and very 
strongly bonded sialon/sialon specimens. 
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Various samples of sub-modular brazed assemblies were then made using HS-110 glass 
slurries. Examples of these brazed assemblies are shown in Figure 15. A cross-section 
of a brazed section showing the glass (meniscus) formed between a channel and wall section 
is shown in Figure 16. These brazes wore all made by firing for 5 minutes at 1400 C in air 
atmosphere. A larger module was then brazed using several sintered sialon channels and 
large sintered sialon plates. This sialon ceramic heat recuperator sub-module is shown in 
Figure 17. Full sized modules were not made only because our present channel firing furni- 
ture was designed for feasibility work and can only handle 100 mm long pieces. 

4.4 CORROSION STUDIES 

Corrosion studies were carried out using GE-128 Sialon crucibles described earlier. Small 
amounts (r* 0.5 gm) of Na^SO^, NaCl and carbon were added to the crucibles both individually 
and as mixtures. Included in each series was a blank crucible to assess the effects of 
atmosphere alone on the materials. The loaded crucibles and blanks were fired at 870 C and 
1370 C in air, hydrogen and COg-Ng and H g O to periods of up to 1000 hours. During air 
firing the blank gained about 4% in weight in 20 hours while the crucibles containing the 
various corrodants also gained about the same percentage. It is concluded then that in air 
atmosphere the sialon gains weight but is not affected by the corrodants which also persist 
as a white porous layer. Specimens fired in H 2 lost weight. The blank specimen lost about 
2.4% in 20 hours while the crucibles containing the corrodants were emptied of their con- 
tents. It is further concluded that in hydrogen, sialon material loses weight but the process 
is not affected by the corrodants which are transported away by the H 9 gas stream. Rims 
at 1370 C in a simulated combustion atmosphere using COg-Ng and I-^O vapor were dis- 
continued after 100 hours since the added NagSO^ and NaCl had essentially vaporized away 
and/or reacted with the sialon and no further reaction was taking place. The samples are 
quite similar in appearance to the runs made in hydrogen in that no frothy glass layers formed 
(which are typical of air atmosphere runs). The temperature was then lowered to 870 C where 
the salt mixtures remain liquid and have a fairly low’ vapor pressure. After 1000 hours of 
operation, the appearance of the crucibles is similar to the 1370 C 100 hour runs in that no 
foamy reactions are evident. Further, the only apparent difference in weight gain between 
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Figure 15. Examples of Submodular Glass Grazes Made with IIS-110 Glass, 
Extruded and Fired Sialon Channel and Pressed and Fired Plates 



Figure 1G. Cross- Section of a Glass Brazed 
Submodule Showing Minicus Be- 
tween Extruded and Fired Sialon 
Channel and Pressed and Fi ed 
Sialon Plate 


Figure 17. Glass Brazed Section 
of a Sialon Ceramic 
Heat Exchanger Module 
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the blank sample and the loaded crucible can be accounted for by the initial reaction which 
occurred within the first 100 hours. This series was terminated after 1000 hours. The 
data for these tests using COg-Ng-IIgO mixtures are summarized in Figure 18. 



Figure 18. Corrosion Test Data of GE-128 Sialon in CO 2 +N 2 +H 2 O Atmosphere at 870 C 
with and without Sodium Salts Added. 


Five representative corrosion study sialon crucibles were picked from the total number 
of 20 used, and were cross -sectioned and metallographically polished for electron probe 
x-ray microanalysis to detect sodium penetration into the bulk material. The samples 
examined are shown in Figure 19. Results for each sample are discussed below. 
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Figure ID. Cross-section View of Sialon Crucibles after Corrosion Testing 

Sample no. 1 - 1370 C, 100 hours, Na #> SO ^ + NaCl, CO„ + N (> + H O 

Sodium was found along the edges of the crucible and along cracks; no sodium was 
detected in the bulk sialon. 

Sample no. 2 - Control Sample, 870 C, 1000 hours, CO., + N'„ » H.,0 

No sodium was detected in the bulk or around the edges of the sialon material in the 
control sample. 

Sample no. 3 - 1370 C, 100 hours, Air 

Sodium was found along the outside surfaces and along cracks, no sodium was detected 
in the bulk sialon. 

Sample no. I - 870C, 100 hours, Na,,SO + NaCl, C)„ + N () + H.,() 

Sodium was found along the surface edges and in cracks but no sodium was detected in 
the hulk sialon. 

Sample no. 5 - 1370 C, 100 hours, Na.,SO + NaCl, H„ 
** *1 •- 

Very little contamination product was observed on the sufaees of the crucible. No 
sodium was detected in the bulk sialon. 
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Those results are parallel to thoso observed by Palko^ for GE Slalon material tested 
at 870 C in combusted gases containing sodium contamination. Palko's tosts wore discon- 
tinued after over 16,000 hours with no significant reactions taking place. 
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SECTION 5 


CONCLUSIONS 

The feasibility of fabricating sintered Si g N 4 channels and plates suitable for constructing a 
ceramic recuperator have been successfully demonstrated. Techniques were developed for 
extruding unlimited lengths of thin-walled channels using wax-powder mixtures which can 
be fired to high density. These materials are strong in the as-fired condition averaging 
better than 260 MPa (39 SKI) strength in modulus of rupture. The art of glass brazing using 
a IIS-110 glass was also demonstrated so that module sections could be assembled from fired 
channel and plate components. Finally, it was concluded that Sialon materials do not react 
catastrophically with sodium salt-carbon mixtures at 870 C or 1370 C in atmospheres of air, 
H 2 or C0 2 -N 2 -I-I 2 0 mixtures. 


SECTION C 


RECOMMENDATIONS FOR FUTURE WORK 

The development of sintemble Sl g N 4 compositions like GE-130, which contains 94,5 w/o 
Si g N 4 » should be continued. Further, since the technique for extruding and firing Slalon 
channels has boon developed, further studies to characterize Its pressurized high tempera- 
ture behavior should be done while thermal cycling. Further, brazed components should 
also be tested for long-time stability as a function of pressurized high temperature and 
thermal cycling. 

Finally, wo feel that ceramic heat exchanger technology, utilizing assemblies developed 
during this work would be advanced toward eventual utilization if this program were to be 
funded in the future. 
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